Monocovalent groove binding complexes of antitumor antibiotic naphthyridinomycin and its analogs with DNAsequence d(ATGCAT)2 have been studied by molecular mechanics to understand which enantiomer of the drug and what chirality at C(7) of the drug are preferred for forming better drug-DNAadducts. The effect of hydroquinone intermediate and the substitution at C(l1) on drug-DNAinteractions have also been investigated. The results indicate that the enantiomer that forms the best adduct is different from the one reported earlier in the literature. The drug with an R configuration at C (7) is preferred for binding. The hydroquinone models do not necessarily provide a given analog of the drug with additional favorable DNAinteractions. The substitution at -C(l l) by OHprovides the best binding model. This finding agrees well with the results from previous biochemical studies. The sequence specific studies indicate that the sequence d(ATGCAT)2 is slightly preferred over others.
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Naphthyridinomycin (NP) and its cyano derivative cyanonaphthyridinomycin shown in Fig. 1 , are heterocyclic antibiotics produced from culture filtrates of Streptomyces lusitanusl\ These antibiotics contain complicated and unusual structure that contain three basic nitrogens. They are potent both as an antimicrobial and as an antitumor agent. Several experiments have indicated that the mode of action of this family of antibiotics involves the inhibition of DNAsynthesis, which results in unbalanced cell growth2). It has also been shown that NPinhibits the enzyme DNA-dependentRNApolymerase in vitro. The binding of NP to DNAis increased in the presence of reducing agent, such as dithiothreitol.
This may be due to the conversion of quinone moiety into a hydroquinone moiety. The studies on binding of the antibiotic to DNA3 '4) , have suggested that the bond between the NP molecule and DNAis very strong and probably covalent. NP binds very strongly to [poly(dG) à" poly(dC)] sequences. The exact mechanism of binding of the naphthyridinomycins to DNA is not known but has been suggested40 to be similar to other carbinolamine-containing antibiotics such as pyrrolo [l,4] benzodiazepine antibiotics which covalently bind to the N2 of the guanine in the minor groove of the DNA5). The role of the functional group at C(ll) has been studied6) and it has been shown that conversion of the methoxyl group at C(ll) to a hydroxyl group increases the activity of NP both as an antimicrobial and as an antitumor agent. Similarly, conversion of the methoxyl group to an amine group confers greater antimicrobial activity on the drug without increasing its antitumor potential to a great extent7).
The question is whether or not these alterations in the substituent at C(ll) affect the drug-DNA interactions at the binding site, and if so, do these effects play a role in the differences observed in biological activity among the various derivatives.
Molecular modeling in conjunction with molecular mechanical calculations can be a powerful tool to probe structures of molecules and complexes in three dimensions. Theoretical studies on the interaction of benzodiazepine antibiotics with DNAhave also been carried out recently8~10). The crystal structures of NPand its cyano derivative are known1la2). Modeling studies were undertaken in an attempt to understand the interactions between DNAand the naphthyridinomycins upon the formation of the adduct. These included studies designed to determine: 1) whether the drug was a true groove binder or a partial intercalator,
2) which enantiomer of the drug produced the best DNAadduct model, 3) what was the preferred chirality of C(7) at the binding site, 4) what role the hydroquinone form of the drug played in DNA interactions and 5) how substituent changes at C(ll) affected drug-DNA interactions. The first question was answered by our previous modeling studies12) with d(ATGCAT)2, indicating that groove binding was preferable to partial intercalation. The structure used in that study was determined crystallographically.
The crystallographic studies had provided only the relative stereochemistry of the active enantiomer, but not its absolute stereochemistry. Thus, it was indeterminate which enantiomer of NP was examined by crystallography. Fromtheir synthetic studies, Evans et ai13) revealed that the stereochemistry reported in the literature was not correct and the structure should be reversed. The absolute stereochemistry of the drug becomes important when considering how the drug interacts with the chiral DNAmolecule. Furthermore, since DNAbinding occurred at a chiral carbon on the drug, it was important to determine wnemeroinaing in tne k conngurauon or in the S configuration at C(7) provided the better model. In this study we have addressed questions two through five.
Materials and Methods
Conformational studies were carried out by molecular mechanics method using the program MACROMODEL (version 2.0 and 2.5). The crystal structure of NPn) was used as the initial structure in this investigation. The drug and its analogs were energy minimized using the AMBER force field parameters of Weiner et al.14) . The cut off distance for non bonded pairs was 99A. The hexanucleotide duplex structure d(ATGCAT)2 wasconstructed in the B form and energy minimized. The drug-DNA adduct models were built from the energy-minimized structures of the drug and B-DNA. The parent drug (NP) and its analogs were visually docked near the binding site (2-amino group ofguanine) in the minor groove of DNAusing an Evans and Sutherland 390 graphics system. Translational and rotational simplex searches helped to eliminate unfavorable steric contacts. The drug was then covalently bound to the N2 of the GUA9 (Fig. 2) residue. The adducts were minimized using the AMBER force field14) and a conjugate gradient minimization using the Perry self-correcting first-derivative method with restarts. Contributions of hydrogen bonds were taken into account. All minimizations of drugs, DNAand adducts were carried out to a RMSfirst derivative of 0.1 Kj/A. Adistance-dependent dielectric constant £>Rij was used in all the calculations.
Results and Discussion
The DNAsequence d(ATGCAT)2was used in the chirality and analog modeling studies and is shown schematically in Fig. 2 . This sequence was chosen because it provided a unique binding site for the drug at the guanine residue, and also other covalently binding drugs had been studied with this sequence.
To investigate which enantiomer of NP provided the better adduct model, and what is the preferred chirality of binding, four adduct models were constructed containing the two enantiomers of NP, each bound in a different configuration. The results of the minimization of each adduct are listed in Table 1 . NPRand NPSare adducts derived from the enantiomer (reported in crystallographic studies) bound to the DNAin the R and S configurations, respectively. NPERand NPESrefer to the adducts derived from the other enantiomer (Evans) which was generated from the crystal structure by multiplying the fractional coordinate y/b by (-1.0) for every atom in NP. Analysis of the energetics of the four models indicates that the drug with the R configuration at C(7) forms a better adduct than the drug with S configuration for both enantiomers. The net binding energies are compared. The energy differences are of the order of 3 to 7 Kcal. The best adduct model among all four models is the NPER(Evans enantiomer and R configuration at C7) with a value of -9.4 Kcal. The DNAdistortion energies also indicate that the R configuration of the drug distorts the DNAthe least. The DNAdistortion energy for the NPES model is muchhigher than for the other three models. Similar differences in DNAdistortion energies were observed in other antibiotic-DNA adducts studies8'9). 45.42, 46.04, 44.83, 38.25, respectively. a The total energy is the energy calculated for the entire adduct. b'c Drug and DNAenergies after separating from the minimized adduct. d'e These are calculated by subtracting the intramolecular energies of the drug and DNAin the complex from their energies obtained by separately minimizing each isolated molecule. f Intermolecular interaction energy is the total energy minus the separate drug and DNAenergies. g Net binding energy is the intermolecular interaction energy plus the drug and DNAdistortion energies. Tables 2 and 3. Table 2 lists the hydrogen bonds formed in this model. The hydrogen bonds include a bond between O(9) of the drug and O(2) ofCYT4, and a bond between O(10) of the drug and N(2) of GUA3. Data on the conformational properties of the DNAin the NPERadduct are given in Table 3 , and are compared with those of minimized d(ATGCAT)2.The glycosidic angles of the nucleotides all stay in an anti conformation in the NPERmodel. The nucleotide which shows the highest glycosidic angle deviation from the minimized DNAmodel is CYTlO. This is also the nucleotide directly below the binding site at GUA9.The glycosidic angle of CYTlOundoubtedly changes to sterically accommodate the NP molecule. The sugars of the strand to which the drug is bound retain the same conformations as seen in the minimized-DNA model, as measured by the angle of pseudorotation, P15). Except for the sugar of ADE1, the sugars of the strand opposite of the binding site all deviate in conformation. All sugars in both strands fall in the region between the pure C3'-exo (P= 198°) and pure l'-e'xo (P= 126°) conformations, the center of which is the C2'-endo conformation (P= 162°) which is seen in B DNA.None of the sugars adopt a C3'-endo conformation. In fact, for the sugars of the strand opposite the binding site which show the most deviation, P decreases for only three of these sugars, as would be seen in a shift from a C2'-endo to a C3'-endo conformation, but actually increases for the other two. Thus, there does not seem to be a general shift to the A DNAconformation which would prefer C3'-endo sugars with P values in the region of 0°to 36°. Rather, the deviations in sugar pucker are minor adjustments which relieve steric stress in the complex, but the sugars tend to remain in the B conformation. Several analog models were built based on NPER(the preferred binder, reffered to as NP ahead) to allow us to investigate the roles that reduction of the quinone ring to a hydroquinone and substituent changes at C(ll) might play in DNAbinding. NPHYwas built from the preminimized NPERmodel. It contains the parent NP molecule with the quinone ring converted to a hydroquinone. NPAwas also built from the preminimized NPERmodel. It contains the quinone form of the parent NP molecule with the methoxyl at C(l 1) converted to a primary amine. NPAHYis the hydroquinone form of the NPAmodel. Finally, NPH was built from the preminimized NPER model and represents the C(l 1) hydroxyl derivative of the parent NP molecule. NPHHY is the hydroquinone form of NPH. The results of the minimizations of these models are given in Table 1 and the intermolecular hydrogen bonds found in all the models are listed in Table 2 .
An examination of the various hydroquinone models yields interesting results. The hydrogen bonding pattern involving O(9) is the same in these models as is seen in the NPERmodel. There is an O(9) to O(3') of the CYT10 hydrogen bond with distances of 2.81, 2.77, and 2.78A for NPHY, NPAHY, and NPHHY,respectively, compared with a distance of 2.78 A seen in NPER. An additional hydrogen bond is also predicted in all three hydroquinone models involving O(13) of the hydroquinone and a phosphate oxygen of THY6. The distances of this hydrogen bond are 2.59, 2.60, and 2.62A for NPHY,NPAHY, and NPHHY,respectively. The hydrogen bonding pattern involving O(10), however, varies significantly in these models. In NPHY, the same N(2) ofGUA3to O(10) hydrogen bond seen in the NPERmodel is observed with a distance of2.75A. In NPAHY, the hydrogen bond involving 0(10) is to O(l') ofADEll with a distance of 2.81 A. In NPHHY,no hydrogen bonding involving 0(10) is seen. Instead, the 0(10) AUG. 1991 proton is oriented toward the hydroxyl substituent at C(l 1). The distance between O(10) and O(l 1) is 2.62 A, which is correct for an intramolecular hydrogen bond. It is interesting to note that the C(l l) hydroxyl in the NPHHY model does not hydrogen bond to the DNAeither. Therefore the intramolecular hydrogen bond between the hydroxyl at C(l 1) and 0(10) interferes with any potential that either hydroxyl may have for DNA interaction. Despite the additional hydrogen bond between the DNAbackbone and O(13), the hydroquinone analogs are not lower in energy with respect to their analogous quinone forms. In fact, NPHHY provides the highest net binding energy model of all the NPERanalog models. This is primarily due to the fact that its intermolecular interaction energy is significantly higher than that of the other models. This, in turn, can be directly related back to the lack of hydrogen bonding involving the DNAand either 0(10) or O( l 1) in this model. These observations tend to suggest that formation of a hydroquinone upon reductive activation does not necessarily provide a given analog of the drug with additional favorable DNA interactions. Rather, the data obtained in these modeling experiments tend to support the hypothesis that the major activation mechanisminvolves the conversion of C (7) into an sp2 carbon to promote reactivity. Even if this is the case, the formation of the hydroquinone still undoubtedly affects DNAbinding interactions via altering hydrogen bonding patterns, though not as a major activation mechanism. It is important to temper these conclusions, however, by noting that the results obtained by these experiments may be highly dependent on the specific DNA sequence chosen for the models. Further modeling studies on alterations in the DNAsequence and their effects upon drug analog binding are in progress.
As to the effects of substitution at C(l l) on DNAbinding, the experiments provided mixed results. It is important to note that the hydrogen bonding characteristics of the models differ from those seen in the preliminary models previously discussed. This is, of course because the second round of modeling studies led to revision of the enantiomer and configuration of binding used in the models. It is still the goal of this study, however, to see if the derivative models provide lower energy models than the parent compound, and whether the C(l l) amine and hydroxyl substituents of these derivatives are involved in hydrogen bonding with the DNA. In both NPA and NPH, the hydrogen bonding pattern involving both O(9) and 0(10) is the same as that seen in the parent compound model NPER. The O(9) to O(3') of CYT10 bonds have distances of2.78 and 2.77A in NPA and NPH, compared with 2.80A in NPER. The N(2) ofGUA3 to 0(10) bonds have distances of2.75 and 2.79 A for NPA and NPH, respectively, compared with a distance of2.73 A seen in NPER. The C(l 1) hydroxyl in NPH is involved in an additional hydrogen bond with the DNA. An O(l1) to O(3') ofCYT4 bond has a distance of2.75A. The C(l1) primary amine in NPAis not involved in any hydrogen bonding with the DNA. The hydroxyl analog model, NPH (Fig. 4) , is the lowest energy model of the three quinone models in terms of both total energy, and in terms of net binding energy. This is perhaps partially due to the additional hydrogen bonding with the DNAprovided by the C(l 1) hydroxyl moiety. The models arranged in order of increasing net binding energy are: NPH<NPER<NPA. Note that the amine derivative model has the highest energy. The model NPAshows no additional DNAhydrogen bonding not seen in the methoxyl derivative model NPER.However, the hydroquinone models arranged in order of increasing net binding energy are: NPHY<NPAHY<NPHHY. All six models arranged in order of increasing net binding energy are: NPH <NPER<NPA<NPHY<NPAHY<NPHHY.
Perhaps the hydroxyl derivative is more biologically active than the parent compound because its quinone derivative forms the lowest energy DNAadduct than either the quinone or the hydroquinone form of the parent compound. This may provide the hydroxyl derivative a binding advantage, even though its hydroquinone derivative forms such a high-energy adduct with DNA. Perhaps the amine derivative is biologically more active because both its quinone and hydroquinone variations can form lower energy DNAadducts than the hydroquinone form of the parent compound. This may provide the amine derivative with a binding advantage even though the parent compound forms a lower energy DNAadduct in its quinone form. While hydrogen bonding does play a role in explaining the activity of the hydroxyl derivative, the activity of the amine derivative may be more related to the overall electronic distribution changes across the molecule caused by an amine for a methoxyl substitution. SequenceSpecifity In order to understand whether the binding of the naphthyridinomycin with DNAis sequence dependent, we carried out studies on the complexes of naphthyridinomycin and its hydroxyl analog NPH with different sequences of DNA.We changed the bases at the 3' and 5' end of guanine (G9) to which the drug is covalently bound with the corresponding Watson-Crick base partner on the complementary strands in the hexamer. Thus sixteen oligodeoxynucleotides [AGG*GAT*, AAG*GAT, AGG*AAT, AAG*AAT, ACG*GAT, ATG*GAT, ACG*AAT, ATG*AAT, AGG*CAT, AGG*TAT, AAG*CAT, AAG*TAT, ACG*CAT, ACG*TAT, ATG*CAT, ATG*TAT] adduct with NP and NPH were studied. Table 4 gives the energetics of complexes of NP with DNAsequences mentioned above. As previously discussed the effect of the drug on binding to different sequence of DNAcan be deduced in term of net binding energy or DNAdistortion energy. Based on net binding energy the preferred sequence are ATGCAT, AGGCAT and AGGGAT while based on DNAdistortion energy the preferred sequence are ATGCAT, AAGCAT and AGGCAT. These three sequence are with in 1.5Kcal of each other but stand out from the other. The sequence ATGCAT is preferred over the others both in net binding energy and helix Table 5 gives the hydrogen bond distances observed in different complexes. One feature that standsout from this table is that whenever the base in position 10 (Fig. 2) is A or T, there is decrease in hydrogen bonding. -51.
-43.
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-42. Table 6 gives the energy minimization results on complexes of NPHwith DNA.Here again, based on both net binding energy and DNAdistortion energy, the sequence ATGCAT comes out ahead. The next two base on DNAdistortion energy are AGGTAT and AAGCAT while based on net binding energy AGGGATand AGGCATfollow.
A few notes of caution are (1) that since solvent and counter ion effects have not been taken in to account, the molecular mechanics approach cannot provide quantitative results. But since this study has been done with closely related analogs of naphthyridinomycins, the comparison of net binding energies can be useful in studying the interaction of this drug with DNA.(2) These studies yield no information on reactivity, dealing only with energies and conformation of adducts after the reaction.
Supplementary Material
Tables of partial atomic charges for the drug and its analogs.
